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In Brief
Yamanaka et al. demonstrate that GABA triggers mitochondrial Mg 2+ release in neurons at specifically developmental early stages, and the physiological Mg 2+ redistribution into cytoplasm regulates ERK, CREB, and mTOR activities with target-dependent manners, thereby facilitating neuronal maturation. Mg 2+ is a novel signal transducer.
SUMMARY
Cells simultaneously utilize different intracellular signaling systems to process environmental information [1] [2] [3] [4] . The magnesium ion (Mg 2+ ) is recognized as a multitarget analog regulator that performs many roles, such as circadian timekeeping, due to the following properties: (1) it influences wide-ranging biological processes, (2) its concentration is tightly controlled within a narrow sub-millimolar range, and (3) its intracellular dynamics are slow and long lasting [5] [6] [7] [8] [9] [10] [11] ; its regulatory manner is not all-or-none in contrast to the switch-like signal transduction by the well-established second messenger Ca 2+ [12] . Recent studies, however, have reported another role for Mg 2+ as a second messenger in immune cells-i.e., a switching system for cellular states [13, 14] . These multifaceted characteristics of Mg 2+ raise the question of how Mg 2+ processes information and how common its role is as a signaling molecule. We focused on the trophic effects of g-aminobutyric acid (GABA) and its developmental transition, the molecular basis of which also remains poorly understood despite its evolutionarily well-conserved roles [15] [16] [17] [18] [19] . Here, we show that in neurons, GABA A receptor signaling, whose action is excitatory, triggers Mg 2+ release from mitochondria specifically at early developmental stages, and that released Mg 2+ stimulates the CREB and mTOR signaling pathways, thereby facilitating structural and functional maturation of neural networks. We found that cytosolic Mg 2+ fluctuations within physiological ranges is enough to crucially regulate ERK, CREB, and mTOR activities. Together, intracellular Mg 2+ physiologically integrates and coordinates cellular information, and Mg 2+ is a novel signal transducer for organizing neural networks.
RESULTS AND DISCUSSION
GABA-Induced Mg 2+ Mobilization g-aminobutyric acid (GABA)-induced cytosolic Mg 2+ dynamics were examined in hippocampal neurons of rats cultured for 5-6 days in vitro (DIV) with a Mg 2+ -selective indicator, KMG-104 [20] . The administration of 20 mM GABA increased cytosolic Mg 2+ concentration ([Mg 2+ ] cyto ), and the amplitude of this increase was dependent on the GABA concentration ( Figures  1A, 1B , S1A, and S1B). Hippocampal neurons express ionotropic GABA A receptors and metabotropic GABA B receptors [17] . Administration of the GABA A receptor agonist muscimol (1 mM) increased [Mg 2+ ] cyto , while that of the GABA B receptor agonist baclofen (10 mM) did not ( Figure 1C ). Pre-treatment with a specific GABA A receptor antagonist SR95531 (10 mM) inhibited the GABA-induced [Mg 2+ ] cyto increase, whereas pretreatment with the GABA B receptor antagonist CGP55845 (2 mM) did not significantly suppress it ( Figures 1D-1F) , indicating that the activation of GABA A receptors mediates the GABAinduced [Mg 2+ ] cyto increase. Moreover, stimulation of both GABA receptors synergistically increased [Mg 2+ ] cyto more than adding muscimol alone (Figures S1C and S1D), as described for cytosolic Ca 2+ ([Ca 2+ ] cyto ) [21] . Suppression of PKA activities by H89 treatment, which mimics GABA B receptor activation, also induces intracellular Mg 2+ mobilization ( Figure S1E ), suggesting a synergistic involvement of the GABA B receptor in GABA A receptor-mediated increases of [Mg 2+ ] cyto .
Developmental-Stage Dependency
In adult neurons, GABA typically functions as an inhibitory neurotransmitter. In immature neurons, however, the activation of the GABA A receptor depolarizes the membrane potential-i.e., is excitatory-because of a high concentration of cytosolic chloride ions ([Cl À ]) [16] [17] [18] 21] . To investigate the developmentalstage dependency of Mg 2+ and Ca 2+ responses, [Mg 2+ ] cyto and [Ca 2+ ] cyto were simultaneously measured using KMG-104 and Fura Red, respectively, in neurons at DIV2-14. In DIV6 neurons, which were confirmed to be immature, the administration of 20 mM GABA induced a sustained increase in [Mg 2+ ] cyto and a transient increase in [Ca 2+ ] cyto (Figures S1F and S1G) [22] . While the average amplitudes for Mg 2+ and Ca 2+ responses decreased in a developmental-stage-dependent manner, the amplitudes of the Mg 2+ and Ca 2+ responses in each cell did not correlate with each other at DIV6 (Figures 1G and S1H-S1J). These results suggest that GABA-induced Mg 2+ responses declined with developmental progression but may not be caused by the Ca 2+ signaling. Pre-treatment with 10 mM bumetanide eliminated the GABA-induced [Mg 2+ ] cyto increase in the DIV6 neurons ( Figure 1H ). Bumetanide is an inhibitor of the chloride importer NKCC1, which is assumed to mimic the Cl À gradient of mature neurons ( Figure S1K ) [16, 17] . Together, these findings show that the excitatory actions of GABA in immature neurons induce an increase in [Mg 2+ ] cyto . The present study focused on DIV6 neuronal cultures, where each neuron is still immature and eminent neural networks have already emerged.
Mg 2+ Source
Next, the source of Mg 2+ in the GABA-induced [Mg 2+ ] cyto increase in immature neurons was identified. Neither Ca 2+ -free conditions, which completely eliminated the GABA-induced [Ca 2+ ] cyto increase, nor Mg 2+ -free conditions had any effect on the GABA-induced [Mg 2+ ] cyto increase ( Figures 1I and S1L ), indicating that GABA induces the mobilization of stored Mg 2+ independently of Ca 2+ signals. Intracellular Mg 2+ is mainly stored in mitochondria [6, 23] . We measured the [Mg 2+ ] cyto before and after GABA stimulation with a mitochondrial uncoupler, FCCP (5 mM), that induces the release and consequential depletion of Mg 2+ from mitochondria [24, 25] . Whereas the administration of GABA following FCCP treatment did not further affect the [Mg 2+ ] cyto increase, FCCP treatment following the GABA stimuli further increased the [Mg 2+ ] cyto to the same level as the administration of FCCP alone ( Figures 1J-1L ). This indicates that GABA induces the release of Mg 2+ from mitochondria and that 20 mM GABA is insufficient to deplete mitochondrial Mg 2+ . Moreover, the mitochondrial Mg 2+ concentration ([Mg 2+ ] mito ) was measured using a mitochondria-targeted fluorescent Mg 2+ indicator, KMG-301 [25] . GABA stimuli decreased the [Mg 2+ ] mito , and subsequent FCCP treatment also induced additional Mg 2+ release ( Figure 1M ). These results also indicate that GABA triggers the release of partial mitochondrial Mg 2+ into the cytosol. Additionally, GABA-induced mitochondrial Mg 2+ release was concomitant with depolarization of the mitochondrial membrane potential ( Figure S1M ). As this is typical with other instances of stimuliinduced Mg 2+ release from mitochondria [23-26], this mitochondrial Mg 2+ release may be mediated by a common mechanism.
Intracellular Signaling Activation and its Dependency on Mg 2+ Excitatory GABA actions have been shown to trigger the activation of the mitogen-activated protein kinase cascade and phosphorylation of the transcription factor CREB [18, 27] . The GABA-induced ERK and CREB activation was visualized using EKAREV [28] and NLS-ICAP [29] , respectively. Immunostaining and control experiments was also performed to validate intracellular signaling ( Figure S2 ). GABA activated cytosolic ERK and nuclear CREB (Figures 2A-D, S2A-S2F, and S2J-S2M). To investigate the contribution of the GABA-induced increase in [Mg 2+ ] cyto to those signaling pathways, we used a high concentration of Mag-Fura-2 as a Mg 2+ chelator [30] . The loading of 20 mM Mag-Fura-2 completely suppressed the GABA-induced increase in [Mg 2+ ] cyto ( Figure S3A ) in addition to eliminating the activation of ERK and CREB ( Figures 2B and 2D ). Moreover, several studies have reported that mTOR is governed by the regulation of [Mg 2+ ] cyto [10, 31] . mTORC1 activity, which was measured using a mTORC1 activity reporter, TORCAR [32] and an antibody against the mTORC1 substrate 4E-BP1, was stimulated by GABA treatment while it was suppressed by Mg 2+ chelation and treatment with the mTOR inhibitor rapamycin (Figures 2E , 2F, S2G-S2I, S2N, and S2O). These results suggest that GABA triggers the activation of mTORC1 via Mg 2+ mobilization. Immunofluorescence revealed that GABA treatment led to a heavy-tailed distribution of ratios of phosphorylated to total signaling molecules and signaling activation that was abolished by Mg 2+ chelation ( Figure S2 ). In conclusion, GABA activates ERK, CREB, and mTOR via Mg 2+ mobilization. Next, the dependency of the ERK, CREB, and mTOR activities on [Mg 2+ ] cyto was quantitatively investigated by simultaneously visualizing the [Mg 2+ ] cyto and intracellular signaling activities using lowconcentration (1 mM) Mag-Fura-2, which did not interfere with GABA-induced Mg 2+ dynamics, and CFP-YFP FRETbased sensors ( Figure S3B ). Whereas the highly selective Mg 2+ indicator KMG-104 was adopted to measure [Mg 2+ ] cyto dynamics, Mag-Fura-2 is suitable for absolute quantification due to its ratiometric properties. Signal data obtained with FRET sensors for ERK, CREB, and mTOR were binned and aligned on the basis of [Mg 2+ ] cyto to depict the quantitative concentration-response curves of ERK, CREB, and mTOR activities with and without GABA administration ( Figure 3 (legend continued on next page) mobilization ( Figures 3E-H) , indicating that the mediation of the Mg 2+ signal amplifies the input signal. Moreover, the dependency of CREB and mTOR on [Mg 2+ ] cyto was not altered by the administration of GABA, indicating that Mg 2+ is an upstream signal of CREB and mTOR, and is not only a signal modulator, but also an amplifier. Taken together, quantitative analysis of the concentration-response curves demonstrates that cytosolic Mg 2+ regulates the signaling activities of ERK negatively, CREB positively, and mTOR sigmoidally.
Lastly, we verified whether the effects of artificial initiation of Mg 2+ mobilization on ERK, CREB, and mTOR signaling are consistent with the concentration-response curves. FCCP treatments suppressed ERK activities and enhanced CREB and mTOR activities ( Figures S4A-S4C ). Such an FCCPinduced alteration of signaling activities was suppressed upon Mg 2+ chelation, but not upon Ca 2+ chelation ( Figures  S4D-S4L ). These results support the conclusion that the amount of Mg 2+ released from mitochondria is sufficient to alter the activities of ERK, CREB, and mTOR signaling. Although a conserved Mg 2+ -binding protein, such as calmodulin in the case of Ca 2+ signaling, has not been reported, all phosphoryl transfer reactions depend on Mg 2+ in cells [5] [6] [7] 31] , which presumably explains the regulatory roles of Mg 2+ in signal transduction.
Role of Mg 2+ in Structural and Functional Development
Intracellular signaling pathways such as ERK, CREB, and mTOR regulate neuronal development [18, [33] [34] [35] [36] . Thus, the effects of Mg 2+ signaling on the structural and functional development of neuronal cells were investigated. To analyze neuronal morphology, a neuron-specific marker, class III beta-tubulin (Tuj-1), was visualized by immunocytochemistry, and the detection and quantification of neurites was automatically performed by image-processing algorithm ( Figures 4A-4D ). GABA treatment for 24 hr did not affect the length of neurites (Figures 4E). However, it increased their thickness, which was inhibited upon chelation of cytosolic Mg 2+ , indicating that cytosolic Mg 2+ mobilization mediates GABA-induced neurite fasciculation ( Figure 4F ). Synaptic activities are essential to the maturation of neuronal networks [37] . GABA treatment for 24 hr did not affect the synaptic density visualized by anti-synapsin antibody (synaptic marker) ( Figure 4G ), but it induced an increase in the fluorescence intensity of FM1-43, a functional synaptic vesicle marker of synaptic puncta; this enhancement was also diminished by chelation of Mg 2+ (Figures 4H-4J ). These results suggest that GABA enhances functional synapses through Mg 2+ signals. Finally, functional network formation was evaluated by measuring intracellular Ca 2+ dynamics with fluo-4 ( Figures 4K-4P ). GABA treatment for 24 hr enhanced the synchrony of neural activities, and the chelation of cytosolic Mg 2+ eliminated this enhanced synchrony without affecting the percentage of active neurons and their firing rates ( Figure 4N -P). This finding shows that GABA treatment increases functional network connectivity via Mg 2+ mobilization. Together, the above results demonstrate that intracellular Mg 2+ mobilization mediates GABA-induced structural and functional maturation of neurons. mTOR functions as a regulator of cellular energy balance and metabolism [33] , and CREB phosphorylation initiates transcription of target genes, such as brain-derived neurotrophic factor (BDNF) [27, 34] . Activation of these intracellular signaling cascades through Mg 2+ mobilization could synergistically cause functional and structural maturation of neural networks through regulation of cellular metabolism and protein synthesis.
Perspective
We revealed that the Mg 2+ released from mitochondria is triggered by activation of the GABA A receptor and that the intracellular fluctuation of Mg 2+ facilitates structural and functional maturation via the ERK, CREB, and mTOR signaling pathways in developing neurons. Notably, [Mg 2+ ] cyto is strictly regulated around 1 mM, and its fluctuation within physiological temporal and dynamic ranges (0.5-1.5 mM) is sufficient to switch or regulate intracellular signal activities in a target-dependent manner (Figure 3 ). Mg 2+ principally acts as a novel signal transducer with intermediate characteristics between second messenger and analog regulator in the early stages of neuronal development. As cells developmentally acquire more sophisticated second messenger systems, like Ca 2+ signaling, presumably Mg 2+ assigns to a multitarget role in cellular information-processing systems. This is the first study that quantitatively elucidates the cytosolic Mg 2+ dynamics involved in the physiological processing of cellular information, leading to the determination of multicellular structures and functions in response to extracellular signals. Not only GABA, but also several extracellular signals, trigger cytosolic Mg 2+ mobilization [8, 24-26, 38, 39] , suggesting that Mg 2+ integrates with various extracellular stimuli and coordinates cellular responses. The multitarget nature of Mg 2+ implies the existence of other targets besides ERK, CREB, and mTOR signal. Developmental shifts in GABA actions have been well conserved throughout evolution, at least in vertebrates [17] , and also occur in specific regions of the adult brain. Mature neurons in the suprachiasmatic nucleus (SCN) of the hypothalamus, which acts as a circadian rhythm generator in mammals, exhibit an excitatory response to GABA only during the day [40, 41] , and the neuronal excitability shifts of GABA signaling affect the circadian rhythm [42] . The hypothalamic CREB and mTOR activities play a critical role in the circadian clock [43, 44] . Even in adults, the regulation of intracellular metabolism and translation by Mg 2+ signaling coupled with excitatory GABA actions possibly affects biological clocks in the entire body. Mg 2+ signaling within physiological dynamic ranges could thus coordinate (G) Synaptic density measured from synapsin immunostained images. (H-J) Images of active synaptic vesicles: representative neurons (tagBFP) and synaptic vesicles (FM1-43FX) (H), segmented neurites (blue line), and synapse (black dots with yellow outline) (I) processed as described in Figure S4H and averaged intensities of synaptic puncta (J). states of intracellular signaling networks and contribute to homeostatic processes-e.g., circadian rhythm-by regulating several biochemical reactions.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Primary cultures of hippocampal neurons were prepared from embryonic day-18 (E18) Wistar rat embryos (Charles River Laboratories Japan, Tokyo, Japan). The hippocampal neurons were extirpated and submerged in ice-cold phosphate-buffered saline without Ca 2+ and Mg 2+ (Nissui Pharmaceutical, Tokyo, Japan). The dissected hippocampi were dissociated using Nerve Cell Dissociation Medium (Sumitomo Bakelite, Tokyo, Japan), and dissociated neurons with a density of 4.0 3 10 5 cells/mL were plated on poly-D-lysine (Sigma-Aldrich, St. Louis, MO, USA)-coated glass-bottom dishes (Iwaki, Tokyo, Japan). The neurons were cultured in a Neurobasal Medium supplemented with B-27, 2 mM of L-glutamine, 50 U/mL of penicillin, and 50 mg/mL of streptomycin (Invitrogen, Carlsbad, CA, USA). Neurons were cultured at 37 C in a humidified atmosphere of 5% CO 2 with medium changed every 7 days. Unless otherwise specified, experiments were performed after at least more than 5 days in culture. All animal procedures were approved by the Ethics Committee of Keio University (permit number 09106-(4)).
METHOD DETAILS

Cell transfection
The neurons were transfected with the plasmid coding for mCherry, tagBFP, VSFP2.42, EKAREV, ICAP and TORCAR. Transfection was carried out 1-2 days before fluorescence imaging using a Lipofectamine 2000 transfection reagent (Invitrogen). 100 mL of transfection complexes, including 4.0 mL of the transfection reagent and 2.0 mg of the plasmid DNA in Opti-Mem (Invitrogen), was added into cells cultivated in a medium volume of 1.0 mL. The cells were incubated for 6 h with transfection complexes, and the medium including transfection complexes was subsequently replaced with fresh cell culture medium.
Imaging cytosolic Mg 2+ and Ca 2+ dynamics
For the imaging of cytosolic Mg 2+ dynamics, primary rat hippocampal neurons were incubated in medium with 5 mM of KMG-104-AM for 30 min at 37 C in a humidified atmosphere of 5% CO 2 . The cells were gently washed twice with 1.0 mL of Hanks' balanced salt solution (HBSS, Invitrogen) at pH 7.4 (adjusted with NaOH). Further incubation was then carried out for 15 min to allow for complete de-esterification of acetoxymethyl esters. For experiments conducted under Mg 2+ -free or Ca 2+ -free conditions, MgCl 2 /MgSO 4 -omitted or CaCl 2 -omitted HBSS was used instead of normal HBSS. The inhibitors were added 15 min before observation. Fluorescence images were acquired on a confocal laser scanning microscopy system (FluoView FV1000; Olympus, Tokyo, Japan) mounted on an inverted microscope (IX81, Olympus) with a 20 3 objective lens. KMG-104 and mCherry were excited at 488 nm using an Ar laser and at 559 nm using a diode laser. The fluorescence of KMG-104 and mCherry was separated using a 560 nm dichroic mirror and observed at 500-545 nm and 570-670 nm, respectively. Fluorescence intensities were calculated as the mean intensity over a defined region of interest (ROI) containing the entire cell body of each cell. The change in fluorescence over time is defined as R/R 0 , where R is the ratio of the fluorescence of KMG-104 to that of mCherry at any time point, and R 0 is the averaged ratio prior to the application of GABA for each cell. Amplitudes of Mg 2+ responses were calculated as the average value of R/R 0 at 4-6 min. A 60 3 oil immersion lens was used for high-spatial-resolution imaging.
For the simultaneous imaging of cytosolic Mg 2+ and Ca 2+ dynamics, 5 mM KMG-104-AM and 5 mM Fura Red-AM (Invitrogen) were loaded into the tagBFP-expressing neurons. tagBFP and KMG-104/Fura Red were excited at 405 nm using a diode laser and at 488 nm using an Ar laser. The fluorescence of tagBFP, KMG-104 and Fura Red, which was observed at 425-475 nm, 500-560 nm, and 610-710, respectively, was separated using 490 nm and 560 nm dichroic mirrors. R/R 0 and DR/R 0 = (R À R 0 )/R 0 were calculated using tagBFP instead of mCherry as described above.
Imaging of mitochondrial Mg 2+ dynamics
For the imaging of mitochondrial Mg 2+ dynamics, neurons were stained with 20 mM of a highly selective mitochondrial Mg 2+ fluorescent dye, KMG-301-AM [9, 25] , in pH-adjusted HBSS for 10 min on ice to avoid hydrolysis of the acetoxymethyl ester by esterases present in the cytosol. The cells were then washed twice with HBSS and incubated in HBSS for 15 min at 37 C in a humidified atmosphere containing 5% CO 2 to allow for complete hydrolysis of the acetoxymethyl ester in the mitochondria. Fluorescence images were recorded on a confocal laser scanning microscope (FV1000) equipped with a 40 3 oil objective. The cells loaded with KMG-301 were illuminated at an excitation wavelength of 559 nm using a diode laser, and the fluorescence was obtained by signal detection at 570-670 nm.
Imaging of FRET-based sensors
Fluorescence images were recorded on a confocal laser scanning microscopy system (FluoView, FV1000) mounted on an inverted microscope (IX81) with a 20 3 objective lens. CFP-YFP fluorescence resonance energy transfer (FRET) sensors were excited at 488 nm using an Ar laser to avoid the concomitant excitation of Mag-Fura-2 used for Mg 2+ chelation. The fluorescence of CFP and YFP was separated using a 510 nm dichroic mirror and observed at 500-510 nm and 520-620 nm, respectively. DR/R 0 was calculated using CFP and YFP signals as described above.
Chelation of magnesium
The chelation of free cytosolic Mg 2+ was performed as described previously [30] . In brief, as the fluorescence ion probes bind to the targeted ion, they also act as chelators of the targeted ions. The excess loaded Mag-Fura-2 competitively inhibits the increase in the intracellular Mg 2+ levels. In this study, 20 or 75 mM of Mag-Fura-2 was used for the chelation of increase in Mg 2+ levels.
Simultaneous imaging of Mag-Fura-2 and CFP-YFP FRET-based sensors Cytosolic Mg 2+ was quantified using Mag-Fura-2-AM (Invitrogen). For the loading of Mag-Fura-2, the same procedure as for KMG104-AM was performed. To measure the emitted fluorescence at excitation wavelengths of 340 nm and 380 nm, an Eclipse TE300 fluorescence microscope (Nikon, Tokyo, Japan) equipped with a 10 3 objective (S Fluor; Nikon) was used. A Xe lamp (150 W) with a monochromator unit was used for excitation at 340 nm and 380 nm, and fluorescence was measured with a CCD camera (HiSCA; Hamamatsu Photonics, Shizuoka, Japan). Cytosolic Mg 2+ was calculated as the ratio of the spatially averaged fluorescence intensity with excitation at 340 nm to that at 380 nm. The absolute [Mg 2+ ] cyto was determined from the fluorescence ratio of Mag-Fura-2 in accordance with a previous study [30, 46] . R max and R min for Mag-Fura-2 were estimated according to a previously reported study [30, 46] . The intracellular signaling activities (i.e., ERK, CREB, and mTOR) were measured using CFP-YFP FRETbased sensors (i.e., EKAREV, ICAP, and TORCAR, respectively). CFP-YFP FRET-based sensors were excited at 465 nm, which was confirmed to not coincide with Mag-Fura-2 excitation. CFP fluorescence was detected using a 484 nm dichroic mirror, as well as 488 nm long-pass and 497/16 nm band-pass filters. The YFP fluorescence was detected using a 484-nm dichroic mirror, as well as 488 nm long-pass and 535/25 nm band-pass filters. ROIs were selected by automatic image segmentation, which identifies the neuronal cell body, and the spatially averaged fluorescence was calculated. To further refine the measurement accuracy, artifacts from spectral overlapping were computationally removed by using the linear unmixing approach described previously [47, 48] . To estimate the dependency of intracellular signaling on [Mg 2+ ], each cell was classified according to the cytosolic [Mg 2+ ] at a bin width of 0.1 mM, and the CFP/YFP ratio of cells classified at each bin were calculated as intracellular signaling activity levels. The frequency histogram was calculated by dividing cell number at each binned [Mg 2+ ] cyto by the total cell number.
Immunocytochemistry for measurement of intracellular signaling activity
Neuronal cells were fixed with 4% PFA in PBS for 15 min and subsequently permeabilized with 0.1% Triton X-100 in PBS and blocked with 10% goat serum. The cells were incubated in primary antibody against ERK (1:250; 13-6200; Life Technologies), p-ERK (1:200; 4377, Cell Signaling Technology), CREB (1:500; ab178322, abcam), pCREB (1:800; #9198, Cell Signaling Technology), 4E-BP1 (1:50; sc-9977, Santa Cruz Biotechnology) and/or p-4E-BP1 (1:200; #2855, Cell Signaling Technology). After the cells were washed three times, fluorescence-conjugated secondary antibody Alexa Fluor 488 goat anti-mouse (diluted 1:1000; #11001, Invitrogen) and Cy5 goat anti-rabbit (diluted 1:1000; #10523, Invitrogen) was applied in combination with a protein block solution, and they were then shaken overnight at 4 C. Cell nuclei were stained with 4 0 ,6-diamidino-2-phenylindole (DAPI, 1:1000; Dojindo, Japan). Fluorescence images were recorded on a FluoView FV10i inverted confocal laser scanning microscopy (CLSM) system (Olympus, Tokyo, Japan) with 10 3 and 60 3 objective lens. DAPI, Alexa Fluor 488, and Cy5 were sequentially excited at 405 nm (DAPI), 473 nm (Alexa Fluor 488), and 635 nm (Cy5) using a diode laser. The fluorescence of DAPI and Alexa Fluor 488 was observed at 420-460 nm (DAPI), 490-590 nm (Alexa Fluor 488), and 660-760 nm (Alexa Fluor 488), respectively. Cell segmentation and fluorescence analysis was performed using an image processing method based on MATLAB (Mathworks, Natick, MA, USA). In this analysis, as more than 10 5 single cells are measured, statistical power exceeds physiologically significant alterations in signaling activity because of the excessive sample size. To compensate for effects of the sample size, cell data with the appropriate sample size were randomly selected and tested.
Image-processing-based neurite analysis
The procedure used for fixation, permeabilization, and staining is described above. For visualization of neurite morphology, mouse monoclonal antibody against Tuj-1 (diluted 1:500; T8660, Sigma Aldrich) and Alexa Fluor 488 goat anti-mouse were used. Cell nuclei were stained with DAPI (diluted 1:2000). Fluorescence images were recorded on a confocal laser scanning microscopy system with the 20 3 objective lens mentioned above. DAPI and Alexa Fluor 488 were sequentially excited at 405 nm using a diode laser and at 488 nm using an Ar laser. The fluorescence of DAPI and Alexa Fluor 488 was observed at 425-475 nm and 500-600 nm, respectively. Neurite properties were quantified using an image-processing method based on ImageJ known as Neurite Tracer [49] . Neurites were automatically segmented from Tuj-1 images, and the total length of the neurites was estimated from the skeleton of segmented neurites (see Mendeley Data, https://doi.org/10.17632/h72f6mf6z9.1). The averaged thickness of neurites was defined as the values divided the area by the length of the neurites (mm 2 /mm).
Analysis of the active synapse
Neurons sparsely labeled with tagBFP were exposed to a 100 mM KCl solution in the presence of 15 mM FM1-43FX (Invitrogen) for 3 min and subsequently incubated in an FM-dye-containing HBSS for 10 min. After the synaptic vesicle was loaded with the FM dye, the cells were fixed as described above. tagBFP and FM1-43 were excited at 405 nm using a diode laser and at 488 nm using an Ar laser. The fluorescence of tagBFP and FM1-43 was separated using a 490 nm dichroic mirror, which was observed at 425-475 nm, 500-560 nm and 550-650. Synaptic vesicles were analyzed using an image-processing method based on MATLAB. Neurites and active synapses were automatically segmented from tagBFP and FM1-43 images, respectively. We focused on a synapse within a distance of 5 pixels (1.55 mm) for analysis.
Calcium imaging of functional neuronal connectivity Calcium imaging was performed using 5 mM Fluo4-AM (Invitrogen). Fluo4-AM was loaded through the same method as that carried out for KMG104-AM. Imaging was carried out at 37 C using an Eclipse TE300 fluorescence microscope (Nikon, Tokyo, Japan) equipped with a 10 3 objective (S Fluor, Nikon), a Xe lamp (150 W), an excitation monochromator unit, and a CCD camera (HiSCA; Hamamatsu Photonics, Shizuoka, Japan). Fluo4 was excited at 488 nm, and fluorescence emission was detected using a 510 nm dichroic mirror and a 535/55 nm emission filter. Time-lapse image sequences were acquired at a duration of 219 ms for 1 min. Fluorescence images were processed using custom-designed MATLAB programs. The ROIs were selected by automatic image segmentation, which identified neuronal cell bodies, and the spatially averaged fluorescence was calculated. Synchronization analysis was performed as described previously [50] . In brief, the change in fluorescence over time was defined as DF/F = (F À F basal )/F basal , where F is the fluorescence intensity at any time point, and F basal is the baseline fluorescence intensity averaged across the entire movie for each cell. Cross-correlations for ± 1195 ms between all paired neurons were calculated, and the maximum correlation for all lags was defined as correlation coefficients. A single calcium response was defined as an event in which the first time derivative of the Ca 2+ signal exceeds 1.96 3 SD of that across the entire movie for each cell. The neuron was considered to be active if calcium transients were observed at least once per minute.
Imaging of membrane potential
The membrane potential was measured using a genetically encoded FRET-based voltage-sensitive fluorescent protein (VSFP2.42) [45] . Fluorescence images were recorded on an FV1000 confocal laser scanning microscope equipped with a 60 3 oil objective. VSFP2.42 was excited at 488 nm using an Ar laser. The fluorescence of citrine and mKate2 in VSFP2.42 was separated using a 560 nm dichroic mirror and observed at 500-545 nm and 600-700 nm, respectively. The fluorescence signal was detected through a line-scanning procedure at a sampling rate of approximately 1 ms. The membrane potential levels were calculated as the intensity ratio of mKate to citrine. A single spike was defined as an event in which the first-time derivative of the membrane potential exceeds 2.58 3 SD of that before stimulation.
Imaging of mitochondrial membrane potential
For the imaging of mitochondrial membrane potential, neurons were stained with 25 nM tetramethylrhodamine ethyl ester (TMRE; Invitrogen), and 2.5 nM TMRE remained in HBSS even during measurement to compensate for dye leakage from mitochondria. Fluorescence images were recorded on an FV1000 confocal laser scanning microscope equipped with a 20 3 objective (IX81, Olympus). The cells loaded with TMRE were illuminated at an excitation wavelength of 405 nm and 559 nm using a diode laser, and the fluorescence of tagBFP and TMRE was separated using a 560 nm dichroic mirror and observed at 425-525 nm and 600-700 nm, respectively.
QUANTIFICATION AND STATISTICAL ANALYSIS
Unless otherwise indicated, statistical analysis was performed using the Student's t test. Differences with p values less than 0.05 were considered statistically significant. Numbers outside (n) and within (N) parentheses indicate the numbers of cells and independent experiments, respectively. Averaged data are represented as mean ± SEM Gray error bars of time courses indicate SEM at each time point. *p % 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001.
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